Is it possible to detect a new weakly-coupled force at the QCD scale that interacts primarily with quarks? This work investigates experimental signatures of a new MeV -GeV gauge boson that couples to baryon number, with attention to the 100 MeV -GeV mass range that is the regime of nonperturbative QCD. Such a state can be searched for in rare radiative decays of light mesons (η, η , φ, ω) as a π 0 γ resonance, which is its leading decay mode from 140 − 620 MeV. This is a new discovery window for forces beyond the Standard Model that is not covered by existing dark photon searches.
I. INTRODUCTION
New gauge symmetries may exist beyond the Standard Model (SM) and these forces may be discovered experimentally. The stability of dark matter provides one strong motivation for additional forces. In the absence of a symmetry, it would be puzzling why dark matter particles should not decay on microscopic time scales. On the other hand, if dark matter is charged under a new gauge symmetry, it is naturally stable, like the electron.
The discovery window for a new gauge boson depends on its mass and how it couples to SM particles. One model that has been widely considered is a "dark photon," dubbed the A [1] or U boson [2] , that is weakly-coupled to the SM via kinetic mixing and has mass in the MeV -GeV range. This scenario has been motivated from many directions, including possible cosmic ray excesses from dark matter annihilation [3] [4] [5] , small scale structure anomalies and self-interacting dark matter [6] [7] [8] [9] , and the muon g−2 anomaly [10] . This, in turn, has inspired a broad program of searching for the A in high luminosity experiments at the GeV scale, such as e + e − colliders and fixed target experiments [11] [12] [13] (see [14] for further references).
Whether or not the anomalies from dark matter and muon g −2 are taken seriously, it is clear that GeV-scale experiments at the intensity frontier have a unique niche for discovering new forces at intermediate energies that should be fully explored. However, dark photon searches rely on the leptonic coupling of this new force, such that the A may be discovered through its decays to e + e − or µ + µ − . Alternative signals have also been proposed based on invisible decays to neutrinos or light dark matter [15] [16] [17] [18] [19] .
What if a new force couples predominantly to quarks over leptons? The simplest model is a gauge boson, dubbed B [20] , that couples to baryon number and arises from a new U (1) B gauge symmetry [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The goal of this work is to explore GeV-scale signatures of the B boson, especially in the range 100 MeV < m B < 1 GeV that is the domain of low-energy QCD.
It is well-known that U (1) B is anomalous given the fermion content of the SM [22] . Consistency of the quantum theory therefore requires introducing new baryonic fermions with electroweak quantum numbers to cancel the SU (2) 2 L ×U (1) B and U (1) 2 Y ×U (1) B anomalies. Provided these states are sufficiently heavy, with mass scale Λ m B , they may be integrated out of the low-energy effective theory for B. However, m B /Λ cannot be arbitrarily small without the effective theory breaking down [30] . A "reasonable" expectation, assuming that the new fermions acquire masses via a U (1) B -breaking Higgs field, is that m B /Λ g B /(4π) [31] , where g B is the arXiv:1404.4370v1 [hep-ph] 16 Apr 2014 U (1) B gauge coupling. 1 Moreover, requiring Λ 100 GeV (since no new electroweak fermions have yet been observed in nature) implies that we are targeting very small gauge couplings indeed:
−2 × (m B /100 MeV). It may seem hopeless that a new weakly-coupled baryonic force can be discerned, especially if it preserves the low-energy symmetries of QCD, namely invariance under charge conjugation (C), parity (P ), and SU (3) flavor symmetry. Nevertheless, there do exist striking signals that can be searched for in high luminosity light meson factories.
It is important to note that B would not be hidden under the ρ meson since B → π + π − violates G-parity and is therefore suppressed. (G is the combined operation of an isospin rotation e iπI 2 and C.) In fact, the leading decay is B → π 0 γ for m π m B 620 MeV, which leads to distinctive signatures in rare electromagnetic decays of light mesons. For example, the doubly-radiative decay η → π 0 γγ, which is highly suppressed in the SM with O(10 −4 ) branching ratio, can be mimicked by a new physics decay η → Bγ → π 0 γγ. 2 A Dalitz analysis of the π 0 γ invariant masses would reveal a peak at m B .
Searches for long-range forces, from nuclear to macroscopic scales, provide strong limits on a new baryonic force with mass below m π [32] [33] [34] [35] [36] . On the other hand, the m B > GeV regime has been considered within the context of high energy collider observables, such as heavy quarkonium decay, electroweak observables, and dijet resonance searches [24-27, 37, 38] . Studies of η, η , ω, φ meson decays have a unique capability to cover the gap between these low-mass and high-mass regimes.
In the remainder of this work, these ideas are expanded in further detail. The B boson model and properties are discussed in Sec. II, and experimental signatures and constraints are described in Sec. III. Our conclusions are summarized in Sec. IV. Calculational details related to B production and decay are given in the Appendix.
II. B BOSON MODEL, PROPERTIES, AND MESON SIGNATURES
Before considering a baryonic force, we review the dark photon model. The A couples to the SM via kinetic mixing with the usual photon, given by the Lagrangian L = − 1 2 εF µν F µν . Here, F µν and F µν are the photon and dark photon field strengths, respectively, and ε is the kinetic mixing parameter. Upon diagonalizing the gauge kinetic terms, the A acquires couplings to both quarks and leptons proportional to their electric charge. This coupling is given by εQ f e, where Q f is the electric charge of fermion f in units of the proton charge e.
Turning next to the baryonic force, the interaction Lagrangian is
1 This bound is actually much stronger than simply requiring consistency of the effective theory. With the additional fermions integrated out, anomalies from SM fermions are cancelled by a nonrenomalizable coupling of the B longitudinal mode to the electroweak gauge fields [30] . This nonrenormalizable coupling required for anomaly cancellation induces radiative corrections to m B that, according to power-counting arguments [30] where B µ is the new gauge field coupling to baryon number. The gauge coupling g B is universal for all quarks q. We also define a baryonic fine structure constant α B ≡ g 2 B /(4π), analogous to the electromagnetic constant α em ≡ e 2 /(4π) 1/137. Eq. (1) preserves the low-energy symmetries of QCD. C and P are conserved, with B being assigned C = P = −. Moreover, since the gauge coupling is universal for all flavors, Eq. (1) preserves SU (3) flavor symmetry acting on (u, d, s). Of course, B does not transform under the flavor symmetry and is a singlet under isospin. Thus, B can be assigned the same quantum numbers as the ω meson:
The ω meson provides a useful guide for how we expect B to decay. The three leading ω branching ratios are [39] 
The decay ω → π + π − is forbidden by G-parity and is suppressed, having to proceed via isospinviolating ρ-ω mixing. (ω → π 0 π 0 is forbidden by C.) We expect the decay modes of B to be qualitatively similar to (2) in the range m π m B GeV. (At m B ≈ 1 GeV, the kaon channel B → KK opens, and B decays would appear more similar to the φ meson.)
In general, B is not completely decoupled from leptons since there should exist kinetic mixing between B and the photon. If ε is set to zero at tree-level, say due to a symmetry, one-loop radiative corrections involving heavy quarks generate ε = 0 [26, 27] . The typical size of this effect is ε ∼ eg B /(4π)
2 . Thus, we consider the more general Lagrangian
where is a charged lepton. Eq. (3) includes not only Eq.
(1), but also dark photon-like couplings proportional to ε. The most important effect of ε is allowing for the decay B → e + e − , which dominates when pion decays are kinematically forbidden. In this case, A searches are sensitive to B, although B production may be modified compared to A .
The partial widths for B decay are computed using vector meson dominance (VMD). The details of the calculation are given in Appendix A. Fig. 1 (left) shows the resulting branching ratios. Two values of ε are considered: a "natural"-sized value ε = eg B /(4π) 2 that would be induced radiatively (thick lines) and a smaller value ε = 0.1 × eg B /(4π)
2 that may arise due to a cancellation (thin dotted lines). The partial widths for B → π + π − and B → + − depend ε, while the B → π 0 γ, ηγ, π + π − π 0 widths do not. In terms of branching ratios, our results in Fig. 1 are summarized as follows:
• B → e + e − is the leading decay for 1 MeV m B m π . Here, dark photon searches for A → e + e − have sensitivity to the B boson as well.
• B → π 0 γ is the leading decay for m π m B 620 MeV. This is a new channel, not covered in dark photon searches, that may be discovered as a π 0 γ resonance.
• B → π + π − π 0 is the leading decay for 620 MeV m B 1 GeV. Three-pion resonances have been searched for in studies involving ω mesons. In fact, for m B ∼ m ω , the B boson would be a nearly identical twin of the ω.
• B → π + π − is suppressed, with a branching ratio less than 5%. The decay is dominated by ρ-ω mixing with little sensitivity to ε. In comparison, the dark photon has a sizable A → π + π − branching fraction above threshold. This stems from the fact that the A has a different coupling to u and d quarks, due to their different electric charge, thereby violating isospin like the usual photon.
• B → µ + µ − has a suppressed branching ratio proportional to ε 2 . Our result for
2 is not shown in Fig. 1 and lies below the solid µ + µ − line by a factor of 100.
• B → ηγ has a small branching ratio. However, the rate is larger than expected from the ω meson since B mixes with both ω and φ. The ratio Γ(B → ηγ)/Γ(B → π 0 γ) may perhaps play a role in terms of distinguishing B from ω in the range m B ∼ m ω .
These results are mostly insensitive to the particular value of ε chosen, provided g B εe. The main effect of ε is to determine the relative branching ratios for B → e + e − and B → π 0 γ near the transition region m B ∼ m π .
Next, we turn to how B bosons are produced in light meson decays. We consider two types of decays, P → Bγ and V → P B, where P is a pseudoscalar meson (e.g., π 0 , η, η ) and V is a vector meson (e.g., ω, φ). The specific channels of most interest are
These processes are similar to electromagnetic processes P → γγ and V → P γ, namely
For α B ∼ α em , the new physics channels (4) would be comparable to the SM ones (5). However, relating (4) and (5) is not a simple matter of replacing α em → α B because the photon and B interactions transform differently under SU (3) flavor. For example, ω → π 0 γ is allowed by isospin, but ω → π 0 B is not. In Appendix A, we compute the partial widths for these processes using VMD. Fig. 1 (right) shows the rates for producing B bosons via (4), relative to the photonic processes (5). The solid lines show the ratio Γ(P → Bγ)/Γ(P → γγ) for P = π 0 , η, η , while the dashed lines show Γ(V → ηB)/Γ(V → ηγ) for V = ω, φ. The decay widths to B scale proportional to α B and are shown here normalized to α B = 1. In other words, the vertical axis shows the value of α −1 B where the new physics decays to B bosons (4) are equal to the corresponding photonic decays (5).
It is worth noting the peculiar form for Γ(η → Bγ)/Γ(η → γγ) in Fig. 1 . The peak at m B ≈ m ω is due to the form factor F ω (s) being on resonance, while the valley at m B ≈ 660 MeV is due to a cancellation between the F ω and F φ terms in Eq. (A7). Whether such a cancellation survives beyond the VMD scheme followed here is a useful question for further study since the η has a unique potential to access m B between m η and m η .
The experimental signatures are a combination of production and decay. The different possibilities, depending on m B , are summarized in Table I . The e + e − , π 0 γ, and π + π − π 0 decay channels are the dominant modes over the range for m B indicated, while ηγ is a highly suppressed channel that would be much more challenging experimentally.
III. SIGNATURES AND CONSTRAINTS
In this section, we discuss searches for the B boson in light meson decays, listed in Table I , as well as other relevant constraints. First, we consider the π 0 γ decay modes.
• η → π 0 γγ: This decay has long been championed as a testing ground for chiral perturbation theory at high order (see Ref. [40] for an excellent historical account). With this motivation in mind, there has been an experimental resurgence over the past decade in studying this channel [41] [42] [43] [44] [45] [46] [47] [48] [49] . The most precise result published to date is BR(η → π 0 γγ) = (2.21 ± 0.53) × 10 −4 from a reanalysis of data from CrystalBall@AGS [44] . Preliminary results also exist from KLOE@DAΦNE [43] , CrystalBall@MAMI [45] , and WASA@COSY [48] . Future experiments have also targeted this channel [46, 47, 49] . These studies provide an important limit on the B boson as well. To be conservative, we require that BR(η → Bγ → π 0 γγ) < 3.27 × 10 −4 so as not to exceed the Ref. [44] value at 2σ. In principle, a much greater discovery reach may be obtained by searching for a peak at m B in the Dalitz distribution of the two π 0 γ invariant masses.
• η → π 0 γγ: An upper limit of BR(η → π 0 γγ) < 8 × 10 −4 (90% CL) from GAMS-2000 [50] , from nearly three decades ago, remains the only study of this channel. It is important to note that this limit was obtained by removing the larger resonant ω contribution, which is of order BR(η → ωγ) × BR(ω → π 0 γ) ≈ 2 × 10 −3 . To constrain B bosons, we require that this limit is not exceeded in the m B < 650 MeV range to avoid being near the ω resonance.
• φ → ηπ 0 γ: This decay, which is expected to be dominated by φ → a 0 (980)γ → ηπ 0 γ, has long been targeted for its role in elucidating properties of scalar resonances in QCD [51] . KLOE has provided the most precise branching ratio measurement to date, BR(φ → ηπ 0 γ) = (7.06 ± 0.22) × 10 −5 , as well as studying the ηπ 0 invariant mass spectrum as a probe of the intermediate a 0 (980) [52] . As a constraint on B, we conservatively require that BR(φ → ηB → ηπ 0 γ) < 7.5 × 10 −4 so as not to exceed the Ref. [52] value at 2σ. However, with KLOE having a sample of ∼ 1.7 × 10 4 signal events [52] , the sensitivity to B is likely to be much improved by searching for a peak at m B in the π 0 γ invariant mass spectrum.
• ω → ηπ 0 γ: An upper limit of BR(ω → ηπ 0 γ) < 3.3 × 10 −5 (90% CL) was obtained by CMD-2@VEPP-2M [53] , which lies about two orders of magnitude above theoretical SM predictions (see [54] 
If this is the case, any improvement beyond the limits quoted here would require subtracting off the QCD background.
• η → π + π − π 0 γ: This channel has been observed at CLEO through charmonium decays in their search for
. This analysis selected a window for the π + π − π 0 invariant mass between 750 − 814 MeV. To place a limit on B bosons in this range, we assume that η → Bγ → π + π − π 0 γ does not exceed 2.94%.
• η → ηγγ: No measurement yet exists for this decay, although it has been noted as a possible target for future study [46] . A process with a resonant ρ 0 would be expected at a level of BR(η → ρ 0 γ) × BR(ρ 0 → ηγ) ≈ 9 × 10 −5 . For illustrative purposes, we consider the possible reach of a constraint on η → Bγ → ηγγ at the level of 10 −4 .
Our quantitative results for these channels, relying on our calculation for η → Bγ in the pole region m B ∼ m ω , should be regarded with a degree of skepticism. There exist two other important classes of constraints relevant for constraining B bosons. We focus here on those that are most relevant in the MeV -GeV mass range.
• Searches for long-range nuclear forces are sensitive to the B boson for m B m π . Lowenergy nuclear scattering mediated by a long-range force would exhibit a forward-peaked angular distribution, similar to Rutherford scattering. From the angular dependence measured in keV n-Pb scattering data, Ref. for m B MeV (see also [33] ).
• Hadronic decays of ψ, Υ quarkonium states, mediated by an s-channel B boson, provide constraints on α B that are independent of m B for √ s m B [24, 27] . The strongest limit for m B < GeV has been obtained from Υ(1S), giving α B < 0.014 [27] .
Lastly, we consider B → e + e − signals, which fall within the scope of A searches. In a sense, these constraints are orthogonal to other observables since they probe the leptonic couplings of B. Although such couplings are not likely to be absent, their magnitude is subject to an additional model dependence. Resonance searches by WASA and KLOE have placed stringent limits on BR(π 0 → A γ → e + e − γ) and BR(φ → A η → e + e − η), respectively, where the A is assumed to decay promptly on detector time scales [56, 57] . To constrain leptonic B decays, we impose these constraints to the quantities
Here, f eff is an (experiment-dependent) efficiency factor that accounts for signal reduction due to nonprompt B decays. For simplicity, we approximate
), where cτ is the B decay length (neglecting relativistic γ-factors) and L is the physical scale within which a decay would be considered prompt. Although limits we present for these channels should be regarded as approximate, we have taken L = 1 cm to be conservative since the true detector geometry is larger [56, 57] .
These constraints are shown in Fig. 2 in terms of α B and m B . The left and right panels correspond to different values of kinetic mixing parameter ε. The thick black lines, which show how current constraints from radiative light meson decays constrain the B boson, are the new result from this work. We emphasize that these limits have been applied with respect to the total rate assuming that the QCD contribution is zero. Substantial improvements could be made by searching for π 0 γ resonances in these processes.
IV. CONCLUSIONS
Light meson decays offer a window into discovering new forces below the GeV scale. While there exists a broad experimental program of searching for new light weakly-coupled forces, the main focus has been on the dark photon A and signatures arising from its leptonic couplings. In this work, we have considered new signatures from a new light force, the B boson, coupled to baryon number. Although the B boson couples predominantly to quarks, it may be observed in rare radiative decays of η, η , ω, φ mesons as a π 0 γ resonance. Such a search may be easily incorporated into the physics programs at existing and future light meson facilities.
Since it is likely for B to couple to leptons at some level, one may wonder: if a new light resonance is observed in + − , how can B be distinguished from A ? If the mass is above m π , the presence of a π 0 γ resonance signal would be the smoking gun for the B boson. If the mass is below m π , then both A and B would likely have unit branching ratios to e + e − . In this case, studies of ω decays can provide a litmus test. Since ω → π 0 A is allowed, while ω → π 0 B is forbidden by isospin (up to terms suppressed by ε), the absence or presence of an e + e − resonance in ω → e + e − π 0 would favor the B or A , respectively. We have not discussed possible constraints from beam dump experiments or rare K decays. These topics remain for future study.
To compute hadronic processes involving B, we rely on the hidden local symmetry (HLS) framework for VMD [59] [60] [61] [62] . This approach provides a low-energy effective theory describing the pseudoscalar meson nonet P = (π, η, η , K,K) and the vector meson nonet V = (ρ, ω, φ, K * ,K * ) where the latter is treated as a gauge boson of a hidden U (3) V symmetry. Since this framework is highly successful in reproducing experimental results for SM decays (2) and (5), we are motivated to use it for new physics decays involving B.
Let us briefly summarize the HLS-VMD framework. Following Ref. [62] , all processes (4) and (5) can be understood as arising from a single underlying V V P vertex whose coefficient is fixed through the anomaly. External gauge fields (γ, B) are included through mixing with V . For the photon, the Feynman rule for V -γ mixing carries a factor of eTr[QT V ] where Q = diag( ) and T V is the U (3) generator for V . New physics processes (4) involv- ing B are obtained from the corresponding SM ones (5) by replacing
in the matrix element. For further details, we refer the reader to Ref. [62] .
In the remainder of this section, we compute the production and decay rates for processes in Table I . The results are summarized in Fig. 1. 1. B production from light meson decay P → Bγ: We consider a pseudoscalar meson P = π 0 , η, η decaying into a B boson with a photon. Before we turn to the HLS-VMD scheme, it is useful to begin with the more familiar triangle diagram calculation, shown in Fig. 3a . The difference between P → Bγ and P → γγ amounts to replacing one factor of eQ by 1 3 g B in the trace over u, d, s quarks. The ratio between the two processes is
where T P is the generator for P . The explicit form of these generators is
where λ a denotes the Gell-Mann matrices and 1 is the identity matrix. The η-η mixing angle is θ −19.5
• , which gives sin θ −1/3 and cos θ 2 √ 2/3 [63] . Eq. (A2) therefore becomes
SU (3)-breaking in the pseudoscalar form factors has been neglected for simplicity. These effects can be included following Ref. [63] and amounts to an O(1) correction to the our results. The same processes can be computed in the HLS-VMD scheme through the diagram in Fig. 3b .
Our results for the P → Bγ to P → γγ ratio are
where s θ ≡ sin θ and c θ ≡ cos θ. Form factors F ω,φ (m 2 B ) arise from the ω, φ propagators in Fig. 3b and are given by V → P B: We consider a vector meson V decaying into B along with a pseudoscalar meson P . The most promising decays of this type are ω, φ → ηB (Fig. 3c) , which are similar to the photonic decays ω, φ → ηγ. On the other hand, the decays ω, φ → π 0 B are less sensitive to B since these channels are suppressed due to isospin violation compared to the isospin-allowed channels ω, φ → π 0 γ. (φ → π 0 transitions are OZI-suppressed as well.) The U (3) generators for V = ρ 0 , ω, φ are, in the ideal mixing limit 3 ,
The form of these generators fixes the relative ratio between B-V and γ-V mixing, given by
From Eq. (A9), it is straightforward to compute the relative ratio between partial widths for ω, φ → ηB compared to the SM decays ω, φ → ηγ. The results are
where
2 ) is the usual kinematic factor for two-body decay. The overall numerical factors come from Eq. (A9) for V = ω, φ.
Lastly, it is clear from Eq. (A9) that B does not mix with ρ 0 . This provides another demonstration for why B → π + π − is forbidden (in the isospin-conserving limit). 
B decay
B → π 0 γ: The calculation is identical to that of ω → π 0 γ given in Ref. [62] , except for the addition of B mixing with the ω. The Feynman diagram for this process is shown in Fig. 4a . Neglecting kinetic mixing, the partial width is
where f π 93 MeV is the pion decay constant. Eq. (A12) is in perfect agreement with an alternative calculation proceeding directly from the usual triangle diagram, shown in Fig. 3a , except that
Again, we follow the calculation in Ref. [62] for the similar process ω → π + π − π 0 . The relevant Feynman diagram is shown in Fig. 4b , plus permutations with an intermediate ρ + and ρ 0 . The end result is
Here, g ρππ is the ρππ coupling, which is fixed by g 2 ρππ /(4π) 3.0 to give the observed ρ → ππ decay rate. The integral over phase space is rather complicated and can be expressed as
where p ± = (E ± , p ± ) and p 0 = (E 0 , p 0 ) are the π ± and π 0 momenta, respectively, in the B rest frame. All kinematic variables in the integrand are fixed in terms of E ± , m B , and m π . The phase space integral is restricted to lie in the kinematically allowed domain, which can be expressed as
From here, it is straightforward to evaluate Eq. (A14) by numerical integration. 
The pion form factor can be expressed as
where F ρ is the pion form factor solely due to ρ exchange andΠ ρω is the additional isospinviolating ρ-ω mixing term [64] . Taking δ = 0 for the moment, Eq. (A18) is the familiar electromagnetic pion form factor entering e + e − → π + π − . Using e + e − → π + π − data, Ref. [64] has obtained a phenomenological fit to F ρ (s) in the time-like region (s > 0) and extracted the ρ-ω mixing parameterΠ ρω (m 2 ω ) = −3500 ± 300 MeV 2 . For B decays, there is an additional term in F π , shown in Fig. 4c , due to the direct mixing between B and ω. This contribution is δ = 2g B /(εe), which only enters B decays and not the electromagnetic process e + e − → π + π − . It is important to note that δ is not a small correction to Eq. (A18) since δ ∼ 4π/α em 1. In fact, the ρ-ω mixing term is typically the dominant contribution to B → π + π − . This requires knowingΠ ρω (s) as a function of s, not just at √ s = m ω , and, unfortunately, it is not possible to extractΠ ρω (s) from e + e − → π + π − except at √ s ≈ m ω where ρ-ω mixing is non-negligible. For lack of a better understanding, we assume here a constant valueΠ ρω (s) ≈Π ρω (m 2 ω ), although this assumption is not well-justified. 4 This limitation precludes our ability to compute B → π + π − reliably. In our numerical calculation, we adopt the "fit A" parametrization for F ρ (s) given by in Ref. [64] obtained by fitting to e + e − → π + π − data. However, our results are not strongly sensitive to this choice. Adopting instead the theoretical calculation of F ρ (s) from Ref. [66] or even taking a simple Breit-Wigner form F ρ (s) ≈ (1 − s/m 2 ρ − iΓ ρ /m ρ )
−1 provides only a small correction to our results. 
